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ABSTRACT 
 
 Male subjects are invariably used to study the physiological determinants of middle 
distance running performance. Studies that do include females have examined only the 
aerobic contribution to middle distance running performance. The aim of the present 
study was to investigate aerobic, anaerobic and muscle function factors that could be used 
to predict middle distance running performance in female runners. This study was 
performed at an altitude of 1800m. 
 
Eleven middle distance female runners aged 18-20 were selected for the study. 
 
Aerobic capacity was assessed by measuring the maximal oxygen consumption 
(VO2max), running velocity at maximal oxygen consumption (vVO2max), running 
economy (RE) and onset of blood lactate accumulation (OBLA).  
 
The blood lactate curve of each subject was constructed by relating the oxygen 
consumption, to the plasma lactate concentrations. 
 
Anaerobic capacity was determined by measuring the maximum accumulated oxygen 
deficit (MAOD) on a treadmill. Muscle function was assessed by having the subjects 
cycle as fast as possible against changing brake weights ranging from heavy to light using 
a Monark cycle ergometer. The brake force (kg) was related to velocity (rpm). 
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A stepwise multiple regression model (SAS system) was used to determine the best 
predictors of 800m, 1500, 3000m and 10 000m running performance times (minutes) 
respectively.  
 
The correlation between MAOD and 800m was -0.725 (p = 0.027). When the Iso force 
and MAOD were entered to predict the 800m running time; r2 = 0.700 (p= 0.0269). The 
variable that made the greatest contribution to 1500m running performance was MAOD. 
The correlation coefficient for MAOD and 1500m running performance was -0.614 (p = 
0.079). The latter correlation became significant when Iso Force was included with 
MAOD (r2 =  0.671 ; p = 0.036). 
 
The onset of blood lactate accumulation (OBLA) and the velocity of running at VO2max 
(vVO2max) were the only two variables which correlated with 3000m and the 10000m 
running performances (3000m: OBLA, r2 = 0.947 and p = 0.027 ; OBLA and vVO2max : 
r2 = 0. 999 and p = 0.003 ; 10000m : vVO2max, r2 = 0.466 and p = 0.135 ; vVO2max and 
OBLA : r2 = 0.832 and p = 0.069). The combination of  vVO2max  and OBLA were 
marginally not significantly correlated to predicting 10000m performance possibly 
because of the smaller sample size.  
 
 
It is concluded from the present study that isometric force was the best predictor of 800m 
running performance and MAOD was the best predictor of 1500m running performance 
in female athletes. The 3000m and 10000m running distances depend more on the aerobic 
factors, OBLA and vVO2max respectively. 
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CHAPTER  1             INTRODUCTION 
 
Male athletes have been used as subjects in most of the studies where physiological 
determinants and / or predictors of performance have been assessed. Physiological 
parameters such as maximal oxygen consumption (VO2max), running economy (RE), 
onset of blood lactate accumulation (OBLA), fractional utilization of oxygen (F) and 
maximal accumulated oxygen deficit (MAOD), have been popularly and widely used to 
predict or determine athletic performances (Morgan et al, 1989b, di Prampero et al, 1986, 
Brandon, 1995, Fernhall et al, 1996).  
 
Female athletes started to participate in track and field and distance running in the 1960s 
(Sparling, 1980). The majority of the data available to assess running performances were 
obtained from male athletes. A few studies have reported on the connection between 
running performances and physiological parameters using both male and female athletes 
as a combined group. Even fewer studies have described the relationship between some 
selected parameters and performance using female athletes as subjects. No study has been 
reported were the anaerobic capacity measured as MAOD was used to predict middle 
distance running performance in female athletes.  
 
Weltman et al (1990) demonstrated on forty four female athletes that a 3200m time trial 
could be used to estimate VO2 max and running velocity at lactate threshold (LT). Fay et 
al (1989) investigated the relationship between VO2max and vOBLA (running velocity 
corresponding to 4 mmol/l blood lactate concentration) and running performances at 
5km, 10km, and 16km distances. The latter used fifteen moderately to highly trained 
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female athletes and found that VO2max and vOBLA correlated closely with all the 
running distances (r > - 0.84) 
 
Weyand et al (1994) used twenty two male and nineteen female athletes and reported that 
peak oxygen deficit is strongly correlated with 100m, 200m, 400m, 800m, 1500m, and 
5000m (r = -0.66, -0.67, -0.71, -0.62, -0.52 and -0.40). Fernhall et al (1996) in their study 
used eleven boys and ten girls and found that lactate threshold was the best variable to 
show a relationship with cross country running performance. Almarwaey et al (2003) 
used twenty three boys and seventeen girls to investigate the relationship between 800m 
and 1500m running time and peak VO2, RE, vVO2 peak, and velocity at fixed blood 
lactate concentrations (v2.0, v2.5 and v4 mmol/l). Their study indicated that v2.5 and 
vVO2peak correlated with 800m and 1500m distances.  
 
Billat and Koralsztein (1996) used fifteen males and fourteen females to investigate the 
effect of gender differences on the time limit (t-lim) in the minimum speed that elicits 
VO2max (T-lim –vVO2 max) and its correlation to performance speed. They observed 
that there is a gender difference were 1500m running velocity was predicted from 
vVO2max, vOBLA, t-lim at 110% vVO2max and RE. No bio-energetic parameters 
correlated with the 1500m running speed in the female athletes.  
 
Of the studies cited, only Fay et al (1989), Weltman et al (1990) and Billat and 
Koralsztein (1996) included a group of middle distance female athletes that have been 
independently investigated. However these studies have not examined all the responses of 
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female middle distance runners that have been studied in some detail in males. The 
present study aims to evaluate the aerobic and anaerobic physiological variables and 
muscle strength variables that could be used to determine middle distance running 
performances (800m, 1500, 3000m and 10 000m) in female athletes.  
 
In this study it is hypothesised that: 
i) anaerobic capacity and leg strength will be the principal determinants of  
           800m  and 1500m running performances  
ii) aerobic capacity will be the principal determinants of 3000m and 10 000m 
                        running performances.  
 
 
The study will be performed at an altitude of 1800m (Johannesburg, South Africa), which 
may result in responses different to what may be expected at sea level. 
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CHAPTER 2.   LITERATURE REVIEW 
 
2.1. INTRODUCTION 
 
Successful running performance has been related to a number of physiological factors.  
Long distance events depend primarily on maximum oxygen consumption (VO2 max), 
fractional utilization of VO2 max, and running economy (Morgan et al, 1989b, di 
Prampero et al, 1986, Brandon, 1995, Fernhall et al, 1996, Tanaka et al, 1984a, Houmard 
et al, 1994).  Factors like lactate accumulation and skeletal muscle fiber type influence 
endurance performance (Morgan et al, 1989b, Brandon, 1995).  Short distance running 
performances (60m-400m) have been correlated with a high anaerobic capacity and 
maximal velocity of movement.  Middle distance events are related to both a high 
anaerobic and aerobic capacity (Brandon, 1995). 
 
The relative contribution of anaerobic and aerobic energy has become an important factor 
in determining middle distance running performance.  While it is simple to assess aerobic 
capacity it is far less simple to measure anaerobic capacity. Recently the maximal 
accumulated oxygen deficit (MAOD) has been used and accepted as a measure of 
anaerobic energy capacity (Medbo et al, 1988). 
 
 Muscle contraction requires energy in the form of adenosine triphosphate (ATP). The 
main causes of the limitation of athletic performance are the ability for the body to meet 
the energy demands of the exercise. The source of energy at muscle contraction is ATP 
(Jones, 2004).  Muscles contain small stores of  energy (about 20 KJ). Continuous 
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activity of muscles requires a constant supply of ATP. The muscle cells are able to 
produce energy in three ways (Gastin, 2001; Powers and Howley, 2004; Brooks et al, 
2000; Wilmore and Costill, 2004) :  
i) formation of ATP (anaerobic) from the breakdown of phosphocreatine (PC).  
ii) glycolysis (the anaerobic formation of ATP from glucose or glycogen).  
iii) oxidative phosphorylation (aerobic formation of ATP),  
 
The ATP-PC system is important in providing energy for high intensity, short duration 
activities such as the 100m sprint (less than 10 seconds, elite male). Phosphocreatine (PC) 
hydrolysis, becomes the principal mechanism to re-synthesise ATP (Jones, 2004, Powers 
and Howley, 2004, Brooks et al, 2000, Wilmore and Costill, 2004).  
 
As the PC can only re-synthesise ATP for a few seconds, the other systems become more 
important to provide ATP as race time becomes longer (Jones, 2004; Powers and 
Howley, 2004; Brooks et al, 2000; Wilmore and Costill, 2004). Glycolysis is a more 
complex system than the ATP-PC system. The glycolytic process generates a net gain of 
two ATP’s from each molecule of glucose used.  
There are two limitations associated with glycolysis:  
            i) the system does not produce large amounts of ATP.   
ii) glycolysis leads to an increase in the accumulation of muscle and blood lactate.     
The increased lactate inhibits further breakdown of glycogen as it impairs 
glycolytic enzymes and causes fatigue (Wilmore and Costill, 2004; Westerbald et 
al, 2002). 
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The ATP-PC and glycolytic systems can provide energy for events lasting up to two 
minutes (Wilmore and Costill, 2004). It takes approximately two minutes before the 
oxygen uptake can reach steady state. Running events which take less than two minutes 
(eg. 800m) will be completed before oxidative metabolism could become involved 
(Jones, 2004).   
 
Oxidative phosphorylation is the most complex system for the synthesize of ATP of the 
three systems. This system has the capacity to produce large amounts of ATP (Powers 
and Howley, 2004; Brooks et al, 2000; Wilmore and Costill, 2004). The system depends  
on the ability of the body to deliver oxygen to the active muscles. The aerobic energy 
system generates a net of thirty six ATPs from one glucose molecule (Brooks et al, 2000; 
Wilmore and Costill, 2004).  
 
The relative contribution of these systems differs with the duration of the exercise 
(Astrand and Rodahl, 1986 ; Brooks et al, 2000; Gastin, 2001 ). During medium intensity 
exercise, such as middle distance running, ATP is synthesized from both aerobic and 
anaerobic processes (Tabata et al, 1997) 
 
Running which lasts up to one minute, (e.g. 400m) uses about 70-80% anaerobic energy 
and 20-30 % aerobic energy (Astrand and Rodahl, 1986). Serresse et al (1988) have 
reported that during a 10 seconds maximal ergo cycle test, about 50-60% of energy is 
derived from the creatine phosphate. They also reported on the energy contribution 
during a 30-second and 90 second cycle test. Their results show that in a 30 s test the 
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relative contribution of the energy systems is 23% phosphogenic, 49% glycolytic and 
28% aerobic (oxidative) (Serresse et al 1988). This shows that the relative contribution of 
the energy systems to exercise depends largely on the duration of the exercise (Figure 1). 
 
 
Figure 1: The contribution of energy sources for muscle as a function of activity 
duration (Brooks et al, 2000). 
 
 
In a typical middle distance event (such as 800m running) about 65% energy is derived 
from the anaerobic system and about 35% energy from the aerobic system (Hill, 1999). 
However Lacour et al (1990) reported that 800m distance running derives 41% from 
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anaerobic and 59% from aerobic energy systems.  The study by Weyand et al (1994) also 
has contradictory results for the 800m.   They reported that about 19% and 24% 
anaerobic energy was used in female and male athletes respectively during an 800m 
event. 
 
Similar discrepancies have been reported for 1500m running. Spencer and Gastin (2001) 
reported that 84% 0f the energy for 1500m is contributed by aerobic mechanisms while 
Foss and Keteyian (1998) indicated that aerobic energy contributes 51% of the energy 
needed for the 1500m.   This differs somewhat to Weyand et al (1994) who found that 
only 10% of the energy for the 1500m running came from anaerobic sources. 
 
The relative contribution of aerobic and anaerobic energy sources during middle distance 
running is therefore highly uncertain. 
 
2.2. MIDDLE DISTANCE RUNNING 
 
There is no clear cut distinction between middle distance running events and long 
distance running events. di Prampero et al (1993) defines middle distance as events 
between 800m and 5 000m. This is similar to what has been defined by Brandon (1995) 
where he defined middle distance running events as between 800m and 3000m. This 
study defines middle distance running events as between 800m and 10 000m (Daniels and 
Daniels, 1992). 
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Middle distance running events require about two to fifteen minutes to complete. Middle 
distance runners are in most instances able to compete and perform well in either shorter 
or longer running events.  Distances that require up to fifteen minutes to complete depend 
on both aerobic and anaerobic metabolism (Boileau et al 1982; Mahon et al, 1996; 
Houmard et al, 1994). The ATP-CP energy system supplies energy during the first 10 
second of exercise (Jones, 2004). From 10 seconds to about 3 minutes the major source of 
energy is derived from glycolysis. The aerobic energy system increases and predominates 
as the duration of exercise progresses (Spencer et al, 1996) 
 
Eight hundred meters running depends on about 40% of aerobic energy for its total 
energy needs and 10000m running obtains about 80% of its energy need from aerobic 
sources (Boileau et al, 1982).  
 
Studies have shown that long distance runners have higher maximal oxygen uptakes (> 
70 ml02kg-1.min-1) compared to middle distance runners (> 60 ml02 kg-1.min-1), (Boileau 
et al, 1982).  This shows that the contribution of aerobic energy systems is necessarily 
greater for long distances compared to middle distances.  
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2.3. AEROBIC CAPACITY 
The physiological variables that are associated with aerobic function such as VO2max, 
vVO2max, blood lactate indices, and running economy are commonly used to determine 
running performance (Berg, 2003). 
 
2.3.1. Maximal oxygen consumption  
 
Maximal oxygen consumption (VO2max) is defined as the maximal oxygen that can be 
used during exhaustive exercise (Bassett and Howley, 2000).  VO2max is a principal 
determinant of running performance (Ramsbottom et al, 1987).  This establishes the limit 
of energy that can be produced aerobically (Evans et al, 1995). VO2max describes the 
individual’s capacity for the uptake and utilisation of oxygen (Duncan, 1997).  
Hill and Lupton (1923), state in their study that: 
i)   “there is an upper limit to oxygen uptake”, 
ii)   “there are interindividual differences in VO2max”, 
iii)  “a high VO2max is a prerequisite in middle and long distance running” and 
iv)   “VO2max is limited by the ability of the cardiorespiratory system to transport  
oxygen to the muscle”. 
 
Central factors that could limit the rate of maximal oxygen uptake (Basset and Howley, 
2000) are:  
i)  maximal cardiac output and 
ii) oxygen carrying capacity of the blood. 
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A number of criteria have been used to judge when the VO2max has been reached. A 
number of researchers judge this test when at least two of the following criteria have been 
accomplished (Unnithan et al, 1995; Brisswalter et al, 1996; St Clair Gibson et al, 1999, 
Maldonado-Martin et al, 2004).  
         i)    heart rate within ten beats of the age predicted maximum heart rate, 
         ii)   respiratory exchange ratio of greater than 1.0, 
         iii)  a plateau of VO2 values varying less than 2 ml.kg-1.min-1 with increasing load, 
         iv)  blood lactate concentration greater than 10mmol/l and 
         v)   exhaustion of the athlete. 
 
 
Whereas VO2max is highly correlated with distance running it is not the only 
physiological parameter related to running performance. Running economy and fractional 
utilisation of oxygen are also primary determinants of running performance (Bulbulian et 
al, 1986). 
 
The study by Ramsbottom et al (1987) looked at factors that determine running 
performance over 5km in male and female runners.  It was found that there was a 
significant contribution of VO2 max in 5km running time in men (r=0.85) and woman 
(r=0.86). When the men and women were combined as a single group the correlation of 
VO2 max to running performance improved (R=0.89).  
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The study by Conley and Krahenbuhl (1980) found a significant correlation (r=0.79) 
between VO2 max and 10km race time. In the study of Abe et al (1998), a positive 
correlation between VO2 max and running performance was found (1500m, 3000m and 
5000m). Similarly the study by Boileau et al (1982), reported a significant correlation 
between VO2max and running performance in middle distance running (r=0.7). These 
studies confirm that VO2 max appears to be a major determinant of middle distance 
running performance. The high correlation of VO2max with endurance running 
performance in adults has been associated with the same in pre-pubertal boys (age ± 12). 
Similarly Unnithan et al (1995) found that VO2max correlated highly with middle 
distance running performance (3000m) in young boys. 
 
2.3.2. vVO2max as a Predictor of Running Performance 
 
vVO2max is the minimum velocity required to elicit VO2max (Hill and Rowell, 1996, 
Billat and Koralsztein, 1996). vVO2max represents an interplay between running 
economy and VO2max.  vVO2max has been found to explain variation in 10km and 
marathon running performances (Grant et al, 1997).  
 
vVO2max has been suggested as a predictor of running performance by Daniels et al, 
(1986). Noakes et al (1990) have also demonstrated that vVO2max can account for 
variance in endurance performances. Yoshida et al (1993) studied the relation of 
vVO2max and 3000m running performance in females. Their study agrees with that of 
Daniels et al (1986) and Noakes et al (1990). In addition vVO2max has also been 
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significantly related to 1500m, 3km and 5km track running events by Almarwey et al 
(2003). It was concluded that vVO2max could be used to predict running performance. 
 
2.3.3. Running economy 
 
Running economy (RE) is defined as the energy cost of work [aerobic demand for any 
given level of sub-maximal running at a constant velocity (Ramsbottom et al, 1987; 
Morgan et al, 1989a; Daniels and Daniels, 1992)]. This is similar to the definition of 
Williams et al (1991), “RE is the oxygen consumption for a given speed”.  RE is affected 
by a number of factors. Factors that are reportedly associated with RE are biomechanics 
of running, training level, VO2max, substrate utilization, muscle power, muscle fiber 
type, temperature and flexibility (Morgan et al, 1989a; Berg, 2003; Daniels and Daniels, 
1992).  
 
Variation in distance running performance has been associated with RE and it plays an 
important determining role in endurance events (marathon and triathlon) (Hausswrith and 
Leheaff, 2001 Morgan and Mitchell, 1992). Running economy is determined from the 
steady state oxygen consumption at a given velocity of running (Morgan et al, 1989a and 
1989b; di Prampero et al, 1993) 
 
Where:   RE = [VO2 (steady state exercise) - VO2 (rest)] / speed of running 
{RE (ml O2.kg-1.km-1) = [VO2 (mlO2.min. -1.kg-1) –VO2 (mlO2.min. -1.kg-1)] / km.min-1} 
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With small differences in VO2max between elite athletes, running economy becomes the 
differentiating factor in runners (Unnithan et al, 1995). Variations in performance of 
runners with similar VO2max have been ascribed to differences in RE. Conley and 
Krahenbuhl (1980) confirmed this  during a 10km race. 
 
Boileau et al (1982) have reported that running economy was much better in long 
distance runners compared to sprinters.  Most top runners seem to have a more efficient 
RE. RE therefore is a significant determinant of performance in events which derive a 
substantial portion of energy from aerobic sources (Sjödin and Svedenhag, 1985). 
 
2.3.4. Blood lactate indices: blood lactate accumulation during 
exercise 
 
At rest, the concentration of blood lactate is normally about 1-2 mmol/l of blood. During 
low intensity exercise, blood lactate concentration stays at about resting levels (Gollnick 
et al, 1986, Billat, 1996). During exercise the metabolic demands exceed the aerobic 
capacity. The anaerobic metabolism of glycogen to lactate is used to supplement the 
aerobic capacity. This will lead to an increase in the production of the lactate (Stainsby, 
1986).  However once a threshold is reached an exponential increase in the concentration 
of blood lactate occurs as exercise intensity increases (Gollnick et al, 1986, Billat, 1996).  
 
The lactate levels start increasing above baseline levels at work intensities between 50%-
90% of maximal oxygen consumption (Stanley et al, 1985. MacRae et al, 1992). The 
threshold at which blood lactate accumulation begins depends on physical fitness. The 
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type, frequency, duration and intensity of exercise leads to variability in the threshold for 
blood lactate concentration increase (Gollnick et al, 1986). In unfit individuals blood 
lactate increases at an exercise intensity of 50%-60% VO2max. The highest exercise 
intensity which could be achieved for a given blood lactate concentration is related to the 
aerobic fitness level (Ramsbottom et al, 1989). 
 
Trained runners can reach up to 90% VO2max before there is a significant rise in blood 
lactate (McArdle et al 1991). A number of terms have been used to describe the lactate 
accumulation during sub-maximal exercise. These include: anaerobic threshold, lactate 
threshold and onset of blood lactate accumulation.  
 
Blood lactate measurements during exercise and or after exercise has a number of uses in 
the laboratory and in field-testing.  It could be used to assess performance during 
submaximal or supra-maximal exercise or as training tool (Jacobs 1986). More 
specifically, the level at which blood lactate rises is used to assess or predict exercise 
performance and monitor training response. The study of Allen et al (1985) demonstrated 
that the running speed at which lactate threshold occurs could be used to predict distance 
running performance and marathon running. Blood lactate at a given exercise intensity is 
also used to assess fitness during sub-maximal exercise, for a specific sport.  Marathon 
runners are said to be utilizing at least 80% of the VO2 max before lactate accumulates in 
the blood (Farrell et al 1979). 
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2.3.5. Anaerobic threshold / lactate threshold and performance 
 
Anaerobic threshold (AT) is defined as the work intensity at which the concentration of 
blood lactate rises above resting levels (Wassermann et al 1973, Billat, 1996, Hagberg, 
1984, Kindermann et al, 1979). This according to one school of thought refers to the 
onset of increased anaerobic glycolysis when oxygen uptake can no longer meet the 
requirements for energy production during exercise. 
 
Anaerobic threshold (AT) is one of the physiological parameters other than VO2max that 
is related to running performance. AT is critical in determining running pace during 
endurance running. AT showed a high correlation (0.8) with 10km running performance. 
Running velocity at AT is also significantly related to 10km running (Tanaka et al, 
1984b). Effectively AT determines the fraction of VO2max which can be utilized during 
submaximal running. 
 
Maffulli et al (1991b) have reported on the relationship between anaerobic threshold and 
middle and long distance running performance.  The study compared the relationship 
between the anaerobic threshold and 800m, 1500m, 3000m and 10km running 
performance in different age groups.  They reported a correlation, which varied with age 
that could be because of metabolic differences between age groups.  The study showed a 
correlation of anaerobic threshold with running speed for middle distance events (800m – 
10km).  Kenney and Hodgson (1985) found that AT accounted for 77% of the variance in 
3000m-steeplechase performance. 
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Velocity at lactate threshold and velocity at 4mmol/l have been found to relate 
significantly with 3km running performance (Grant et al, 1997). Velocity at lactate 
threshold was found to be the best predictor of running performance for the 3km distance. 
This explained 87% of the variation in the running velocity. 
 
The study by Yoshida et al (1987), found that LT/AT correlated significantly with 12min 
running distance (2356m) which falls within the middle distance category. The study 
showed that LT/AT and OBLA could both be used as indices of middle distance running 
performance.  The correlation between LT/AT and VO2 max is an indication that LT/AT 
is an index of aerobic capacity. Running velocities at given blood lactate concentrations 
(2.0, 2.5 and 4.0 mmol/l) have also been used to predict 3000m and 3200m running 
performance in trained and untrained runners (Yoshida et al 1993;  Weltman et al, 1990). 
 
On the other hand Iwaoka et al (1988) reported a low correlation between LT/AT and 
performances for 800m (r = 0.228), 1500m (r = 0.501), 5km (r = 0.399) and 10km (r = 
0.329) in female athletes. Evans et al (1985) observed a relationship between LT/AT 
running velocity and performance in a 10km race in females of different ages. The 
LT/AT was strongly correlated to female performance in the study of Hoogeveen and 
Schep (1997). Nichols et al (1997) have reported that OBLA was the best predictor of 
performance in 13.5km (r2 = 0.83) and 20km (r2 = 0.78) races in female cyclists. 
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2.3.6. Onset of blood lactate accumulation (OBLA) 
 
The onset of blood lactate accumulation (OBLA) i.e. the workload (speed, VO2, VO2 max 
%) at which blood lactate concentration reaches 4mmol.l-1, has been used as a measure of 
physiological fitness (Jacobs, 1986; Ghosh, 2004).  The point at which blood lactate 
accumulation occurs during exercise has been used as a significant and an important 
physiological determinant in sustaining high percent VO2max during exercise (Iwaoka et 
al 1988).  
 
Trained subjects with a higher aerobic capacity have a better OBLA than subjects with a 
low aerobic capacity (Bulbulian et al,1986). Long distance runners have a better OBLA 
than sprinters and middle distance runners. This could relate to endurance runners having 
high lactate removal rates. This could also relate to endurance runners having low 
glycolytic capacity (Taunton et al, 1981). 
 
Endurance trained athletes could tolerate exercise for a longer period of time at a 
threshold of 4mmol.l-1 lactate concentration (OBLA) (Heck et al, 1985). OBLA has been 
used as the best measure of marathon race performance in endurance athletes (Sjödin and 
Jacobs 1986, Yoshida et al. 1987).  Blood lactate level during prolonged continuous 
exercise depends on the rate of its production and removal (Heck et al 1985). The 
exercise intensity (% VO2 max) at which OBLA occurs has also been found to be an 
important determinant of endurance exercise by Evans et al (1995).  Iwaoka et al (1988) 
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studied the age-related differences in blood lactate and a 5km run time.  They found a 
significant correlation between OBLA and 5 km running performance in young, middle 
and old aged athletes.  
2.4. ANAEROBIC CAPACITY  
 
The energy (ATP) derived from the catabolism of phosphocreatine and muscle glycogen 
during high intensity exercise has been referred to as anaerobic capacity (Medbo et al, 
1988). Green and Dawson (1993) also had a similar definition: “Anaerobic capacity is 
defined as the maximal amount of adenosine triphosphate re-synthesised via  anaerobic 
metabolism during the specific mode of short duration maximal exercise”.  
 
A number of tests to quantify anaerobic capacity has been explored (Green and Dawson, 
1993). These tests include amongst others: 
 i)   oxygen debt ( the amount of oxygen consumed during recovery), 
 ii)  post exercise blood lactate levels  
 iii) oxygen deficit and 
 iv) muscle ATP degradation  
 
2.4.1. Maximal accumulated oxygen deficit (MAOD) 
 
Exhaustive high intensity exercise (e.g. sprinting), depends greatly on anaerobic 
metabolism. The amount of energy (ATP) derived anaerobically is very important for this 
type of exercise. This leads to the need for an accurate method of measuring anaerobic 
capacity (Green et al, 1996).  
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MAOD was first proposed by Medbo et al (1988) as a means of measuring anaerobic 
capacity in athletes. The measurement of MAOD agrees closely with the anaerobic 
energy supply calculated from changes in muscle and blood metabolites such as lactate 
(Bangsbo et al 1990). MAOD therefore is considered one of the more reliable non-
invasive methods of estimating/measuring anaerobic capacity. Exercise requiring 2-10 
minutes depends on both aerobic and anaerobic energy sources. A variable component 
(depending on the duration of exercise) of the energy needed for this type of exercise is 
derived from anaerobic sources (Astrand and Rodahl, 1986). Bangsbo et al (1993) found 
in their study that the anaerobic energy (MAOD) is related to muscle fiber mass and the 
muscle fiber distribution..  
 
MAOD has been used as a measure of anaerobic capacity in a variety of studies (Medbo 
et al 1988, Gastin et al 1995, Weyand et al, 1994). The test involves  all out exhaustive 
high intensity exercise such as sprinting or middle distance running (Gastin et al 1995).  
A linear relationship of VO2 and power (speed) during sub-maximal exercise is defined 
initially. The linear regression line determined from the VO2 and power (speed) 
relationship is used to estimate the energy demand during supra-maximal exercise at 110 
- 125% of vVO2max (Medbo et al 1988; Medbo, 1996; Gastin et al 1995; Buck and 
McNaughton, 1999). Supra maximal exhaustive exercise at a speed (power) of 110%-
125% of vVO2max is then performed.  
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To measure MAOD effectively, it has been suggested that at least 2 minutes of exercise 
to exhaustion is needed to use anaerobic sources successfully (Medbo et al, 1988; Weber 
and Schneider, 2001; Gastin et al, 1995; Ramsbottom et al,1994; Maxwell and Nimmo, 
1996; Medbo and Tabata, 1993).  MAOD is calculated as the difference between the total 
accumulated energy demand (cost) and the energy derived from aerobic sources 
measured during high intensity and exhaustive exercise (Green and Dawson, 1996, Buck 
and McNaughton, 1999). 
 
As already mentioned, high intensity exercise lasting a few minutes depends on the 
anaerobic capacity, then a large component of the latter will be beneficial in these type of 
events. The proper application during training for anaerobic capacity becomes necessary. 
Medbo and Burgers (1990) found that appropriate training led to an increase in MAOD in 
males and females.  In their study they used six untrained (physically active), six 
endurance trained and eight sprint trained male subjects.  There were no differences in the 
anaerobic capacities of the untrained and endurance trained subjects, whereas the 
sprinter’s anaerobic capacity averaged 30% higher.  
 
Similarly Webber and Schneider (2001) measured MAOD in seven untrained men and 
seven untrained women. They determined MAOD at 110% and 120% of vVO2max 
during cycling. Although the times to exhaustion during the two trials were different, they 
obtained no significant differences in the amount of MAOD with 110% and 120% of 
vVO2max in both men and women. Their finding are similar to those of Medbo et al, 
(1988) who found that the amount of MAOD does not increase significantly irrespective 
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of the exercise intensity if the test is longer than two minutes. This suggests that MAOD 
can be determined successfully and reliably irrespective of the exercise intensity. 
 
Spencer and Gastin (2001) studied the contribution of aerobic and anaerobic energy 
systems during 200m to 1500m simulated running performance.  They observed a 
progressive increase in the contribution of the aerobic system to 200m (29 ± 4.4%), 400m 
(43 ± 1%), 800m (66 ± 2%) and 1500m (84 ± 1%) running. The absolute amounts of 
MAOD also increased with the 200m, 400m and 800m running events but did not 
increase further in the 1500m event (Spencer and Gastin, 2001). This indicates that the 
absolute amount of MAOD increases with event duration up to 1500m. 
 
However a study by Spencer et al (1996) found no differences in absolute amounts of 
MAOD for simulated 400m, 800m and 1500m treadmill runs (despite the differences in 
duration of running). They reported that the aerobic energy system contributed 46 ± 4% 
for the 400m, 69 ± 4% for the 800m and 83 ± 3% for the1500m. This contradicts 
previous views that 50% of the energy required to complete an 800m running event is 
derived from aerobic sources (McArdle et al, 1991). 
 
Ramsbottom et al (1994) found a strong correlation between running performances in 
100m and 400m and MAOD determined in a laboratory set up. From the same study they 
reported a smaller but significant relationship of MAOD with 800m running 
performance. This is similar to the study by Scott et al (1991) who showed a correlation 
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of MAOD with 300m track times. The studies by both researchers indicate that the 
contribution of anaerobic capacity diminishes as the running distance increases.  
 
2.5. LEG STRENGTH 
 
 
Muscle contraction refers to the activation of the force generating capacity of the muscle 
fibers. The muscle will shorten, lengthen or remain the same depending on the external 
load. When the muscle length does not change there is equilibrium between the external 
load and the amount of force produced. This type of muscle contraction is called 
isometric force (Brooks et al, 2000).  
 
There are two types of muscle fibers. There is one type I (slow twitch) fibers and two 
type II (fast twitch) fibers,referred to as IIa and IIb. The biochemical and contractile 
properties of these muscles differ (Powers and Howley, 2004).  
 
The type I or slow twitch fibers (ST) have a high level of aerobic endurance and are used 
during events which require oxygen usage (oxidative phosphorylation). These muscle 
fibers are very efficient in producing large amounts of ATP because of their high content 
of oxidative enzymes. The ST fibers are able to sustain muscle activities for prolonged 
duration, e.g. marathon running (Wilmore and Costill, 2004; Moss et al, 1997). It has 
been reported by Moss et al (1997) that heavy resistance training improves the maximal 
isometric strength of type I fibres.  
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The fast twitch fibers (FT) have relatively poor aerobic endurance and are better suited 
for anaerobic activities. These types of muscle fibres are used mainly during high 
intensity, short duration events (e.g. elite sprinters). The FT fibers have a high myosin 
ATPase activity and a high maximum power output (Wilmore and Costill, 2004; Jones, 
2004). 
 
The muscle characteristics of sprint and endurance runners have been studied. It has been 
documented that sprinters have a high percentage of the type II (FT) fibers as compared 
to endurance athletes who have a high percentage of type I (ST) fibers. This indicates that 
muscle enzyme profiles of these athletes are anaerobic for sprinters and aerobic for long 
distance runners. In contrast to sprinters and endurance runners, middle distance runners 
do not display a clear distinction of their muscle characteristics. They are represented by 
a wide range of muscle composition (Foss and Keteyian, 1998). 
 
During muscle contraction, velocity of shortening is low initially and a high force can be 
produced resulting in high acceleration. As the velocity increases, the ability to generate 
force at high velocity is important. This is because muscle power is the product of force 
and shortening velocity (Moss et al, 1997). The peak power produced by muscles then is 
greatest in the FT fibers (Powers and Howley, 2004). It is expected therefore that power 
type events are associated with FT fibers.  
 
The relationship between force and velocity is important (Moss et al, 1997). The force-
velocity curve (F/V) (Figure 3) is a graphic representation of the relationship between 
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muscle tension and the velocity of shortening or lengthening of the muscle. It is used to 
analyze the effects of training and to identify muscle fiber types used during exercise. 
The velocity at which a muscle shortens is inversely related to the load it must move. 
Thus if a load is great, the velocity of shortening is slow, conversely, as the velocity of 
movement increases, the total tension produced by the muscle decreases (Douben, 1980, 
Foss and Keteyian, 1998). This translates that the greatest force will be produced at the 
slowest speed of muscle contraction and is regardless of the muscle type characteristics. 
 
The most important function of muscle is to develop tension against a load. This leads to 
the muscle doing work. The relationship between the velocity at which the muscles 
contract and the force on the muscle is explained by the Hill equation (Douben, 1980): 
 
(P + a) V = (Po + P)b 
Where:  
P = Tension developed during muscle contraction 
Po = Maximal isometric force of muscle (maximal tension the muscle can develop  
during isometric contraction). This is the intercept of the F/V curve on the force axis     
(V =0). 
 
V = velocity of contraction. The maximal shortening (contracting) velocity is determined 
by extrapolating the F/V curve to F = 0.  
 
a =  a constant and has the dimension of force related to the coefficient of the heat of 
shortening. 
 
b = a constant depending on the intrinsic velocity of contraction of muscle and is 
numerically equal to about 25% of the maximum speed of shortening of an unloaded 
muscle. 
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CHAPTER 3.   MATERIALS AND METHODS 
 
3.1. SUBJECTS 
 
Eleven female subjects (Caucasian) volunteered to take part in the study. The subjects 
were randomly recruited from athletic clubs around Gauteng (mainly Johannesburg). The 
subjects were all competitive runners in track and road running. The measurements were 
taken at the same time of the day for each subject. All the subjects gave written informed 
consent before any of the tests was performed. The protocol was approved by the 
Committee for Research on Human Subjects, University of the Witwatersrand.  
 
Body mass was measured to an accuracy of 50g (Mettler TE/J, Zurich, Switzerland) and  
height was measured to the nearest 1mm (Seca Model 207b, Vogel and Halke, Hamburg, 
Germany) (Table 1).   
 
The exercise testing was done on four separate days. The tests were done in the following 
order:  
Day 1. Running economy and VO2max 
Day 2. Onset of blood lactate accumulation 
Day 3. Maximal accumulated oxygen deficit 
Day 4. Leg strength 
The test days were 24-48 hours apart and all the tests were completed in 14 days. The 
subjects were not allowed to perform any strenuous activity during the rest days. 
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Table 1. Physical characteristics of subjects (mean ± SD) (n = 11) 
                    Age (years)                             18.13 ± 3.46 
                    Weight (kg)                             56.08 ± 6.53 
                    Height (cm)                            168.93 ± 6.39 
                    BMI (kg.m-2)                           19.60 ± 1.43 
 
 
3.2. PRE-TESTING EXERCISE. 
 
The subjects were familiarized with treadmill running before any of the tests were 
performed (except for leg strength measurements). Each subject ran at10km.h-1 on a level 
motorised treadmill (Powerjog, EG10, Sport Engineering Limited, Birmingham, 
England) for 10 minutes before each test as warm up.  
 
3.3. HEART RATE 
 
During all the tests, (except for leg strength), the heart rate was monitored using a three 
chest ECG lead (Hewlett Packard 78351, Andover, Ma, USA). 
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3.4. MAXIMAL OXYGEN CONSUMPTION.  
 
Different laboratory protocols have been used to measure maximal oxygen consumption. 
Amongst those treadmill tests that have been explored (St Clair Gibson  et al, 1999) 
include:   
i)    the speed is progressively increased, 
ii)   the treadmill gradient is progressively increased from horizontal or 
iii)  both speed and gradient are progressively increased until exhaustion. 
 
These protocols could be tested either continuously or discontinuously. The measurement 
of VO2max in this study is based on a discontinuous protocol. Duncan et al (1997) 
investigated the VO2max criteria during discontinuous and continuous protocols. They 
found in their study that the achievement of VO2max criteria is independent of the test 
protocol.  
 
Maximal oxygen consumption (VO2max) therefore was measured using an intermittent 
(discontinuous) incremental method (Wyndham et al, 1959, Speechly et al, 1996). Each 
subject ran for 3-minute periods on the treadmill while speed remained constant at 
13km.h-1.  The work intensity was increased by increasing the gradient by 1% after each 
completed 3 minute run. VO2 was recorded after each 30 seconds. Steady state VO2 
measurements from 2 to 3-minute of exercise were averaged.. The subjects were allowed 
to rest (5-10 minutes) in between the runs. VO2max was taken as the average when the 
VO2 of two consecutive workloads differed by <1.0ml min-1kg-1 (Speechly et al, 1996).  
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VO2 was measured using a pre-calibrated on-line metabolic cart (Oxycon-4 Mijnhardt, 
Bunnik, Holland). Inspired and expired air was separated using a low resistance two-way 
non-rebreathing valve (Hans-Rudolph 2700, Kansas City, USA) while the nose remained 
occluded (Maxwell and Nimmo, 1996). The metabolic cart was calibrated with known 
concentrations of CO2 and O2.  
 
3.5. RUNNING ECONOMY 
 
 
Running economy (RE) was determined during steady state running (Conley et al, 1981). 
The subjects were asked to run 12km.h-1 on a flat (0% gradient) treadmill for 5 minutes 
while measuring VO2 (Brisswalter et al, 1996, Krahenbuhl et al, 1989). VO2 was 
measured using the pre-calibrated on-line metabolic cart (Oxycon-4 Mijnhardt, Bunnik, 
Holland) described previously.  The steady state VO2 measured from 3 - 5 minutes was 
averaged to calculate RE.  RE was measured on the same day and just prior to the 
determination of VO2max. Running economy was calculated as: 
 
RE = VO2 (at 12km.h-1) - VO2 (at rest) / 0.2 km.min-1 (di Prampero et al, 1986, 
Brisswalter et al, 1996.) 
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3.6. ONSET OF BLOOD LACTATE ACCUMULATION. 
 
The onset of blood lactate accumulation test was done on day 2. Subjects ran on a level 
(0% gradient) treadmill for 3-minute periods at progressive speeds.  Running speed 
started at 4km.h-1 with increments of 2km.h-1 up to at least 90% VO2max. Each subject 
performed at least 6 bouts of exercise. 
 
 Blood samples (2ml) were collected after each 3-minute run. Blood was collected into 
tubes containing an anticoagulant (potassium oxalate) and metabolic inhibitor (sodium 
fluoride) from a catheter inserted into a forearm vein. Lactate remains stable in potassium 
oxalate and sodium fluoride (Myburgh et al, 2001). Thin Teflon catheter (Jelco, Thicon, 
Pomeza, Italy) was inserted before the start of the test and was strapped on the arm for 
the duration of the test. This was flushed with heparinized saline after each blood 
withdrawal. The blood samples were kept on ice until the end of the test. The samples 
were centrifuged (5 minutes) and the supernatant stored at -20oC until further analysis. 
An enzymatic method (Boeringer Mannheim Mannheim, Germany) was used to measure 
plasma lactate concentrations (Brisswater et al, 1996, Speechly et al 1996) (APPENDIX 
A.)  
 
VO2 was measured as described previously. The steady state VO2 measured over 2 - 3 
mins was averaged at each running intensity and represented the oxygen consumed at 
each work load. Morgan et al (1989a) and Hagan et al (1980) have reported that steady 
state oxygen consumption is reached within 2 minutes of a constant work load. 
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The oxygen consumption expressed as percent VO2max was related to plasma lactate 
levels. The blood lactate curve of each subject was constructed by regression analysis and 
an exponential model [y = a + b exp (-x/c)], using an automated equation generator and 
data fitter (Tablecurve 2D for Windows, 32/BIT version, 1988-94). The  OBLA was 
obtained from this curve, which was determined as the percentage VO2max, at which 
plasma lactate level reached a level of 4 mmol/l (Figure 2.) (Speechly et al, 1996). 
O B L A  
 
Figure 2: Curve relating plasma lactate concentration (y-axis) to exercise intensity 
depicted as percentage of maximal oxygen consumption (x-axis). The figure shows 
the determination of the OBLA. (Powers and Howley, 2004, Mcardle at al, 1991) 
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3.7. MAXIMAL ACCUMULATED OXYGEN DEFICIT  
 
 
This test was done on day 3. Maximal accumulated oxygen deficit (MAOD) has been 
proposed (Medbo et al, 1988) as a measure of anaerobic capacity. Subjects performed 6 - 
9 sub-maximum 3-minute runs on a level treadmill. A level treadmill was used so that it 
became possible to re-use data from the different tests. This was done to minimise the 
stress and strain to which the subjects were exposed. This was far more preferable than a 
dubious attempt to simulate wind velocity or slavishly follow other protocols by changing 
gradients. The principal of the test remained unaltered.  
 
Treadmill speed started at 4km.h-1 and increased after each run until a level giving 90% 
VO2max was reached. From the steady state VO2 levels of the sub maximal runs, a linear 
regression curve was constructed to determine the running velocity at VO2max 
(vVO2max) (Ramsbottom et al, 1997). Subjects performed at supra maximal levels (10% 
above vVO2max) until voluntary exhaustion (>2,5 minutes) (Reis et al, 2005). VO2 was 
measured as described previously. MAOD was calculated as the difference between total 
oxygen demand and actual oxygen consumption (Figure 3a and 3b.). 
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 Figure 3a: The graphic determination of MAOD taken from Medbø et al (1988) 
 
                                                                                                                                                  
 
 
 
 
 
 
 
 
 
  47
 
Figure 3b: The graphic determination of MAOD used in this study. 
 
Calculation. 
 
Total MAOD = Area A + Area B + Area C = Area D = 41.5 mlO2.kg-1 
 
Area A = 39 mlO2.kg-1.min-1 X 0.5 min = 19.5 mlO2.kg-1 
 
Area B = 14 mlO2.kg-1.min-1 X 0.5 min = 7 mlO2.kg-1 
 
Area C = 10 mlO2.kg-1.min-1 X 0.5 min = 5 mlO2.kg-1 
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Area D = 5 mlO2.kg-1.min-1 X 2.0 min = 10 mlO2.kg-1
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3.8. ISOMETRIC STRENGTH AND CONTRACTILITY OF LEG 
MUSCLES 
 
 
The maximal muscle strength is the measure of the maximum amount of force produced 
by a muscle at a specified velocity of muscle contraction. This is related to the sport 
related fitness level. The measurement of muscle strength is used to assess  
neuromuscular and musculoskeletal function.  Isokinetic dynamometry has been used and 
found to be a favoured method to assess muscle function in sports and clinical 
environments (Gleeson and Mercer, 1996, Diesel et al, 1990).   
 
The use of the Monark cycle ergometer (Ergomedic 834E, Monark Bodyguard AB, 
Vardberg, Sweden) was then explored in this study. The Monark cycle ergometer is an 
instrument that has an adjustable weight brake system where the brake force can be set 
(kg). When peddling, the subject supplies the flywheel with kinetic energy and the 
cycling revolutions can be measured per unit time (rpm). The Monark cycle ergometer 
has been used extensively in assessments of high intensity short duration exercise not 
necessarily related to cycling. The best known of these is the Wingate test.  
 
The leg strength test was done on day 4. No warm-up was done for this test. The subjects 
were informed about the test. They were instructed to sit on the Monark Exercise 
Ergometer and the seat height adjusted for optimal pedalling. The subjects cycled as fast 
as possible against a brake weight for 30 seconds. With recovery periods of 10 mins 
interspersed, each subject pedalled at 6 – 9 loads ranging from heavy to light. A force 
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velocity curve (Figure. 4) was constructed using the equation y = a + b (lnx)2 where y =  
brake weight (kg) and x = velocity (rpm) generated from Tablecurve 2D For Windows, 
32/BIT version, 1988-94 . Maximal isometric force (Y intercept) and velocity max (X 
intercept) were determined by extrapolation of the curve. 
 
Figure 4: The force-velocity curve obtained using the Monark cycle ergometer. The 
curve was used to determine the maximal isometric force (point A) and the maximal 
velocity (Vmax) (point B) (McArdle et al, 1991, Brooks et al 2004) 
 
 
  B 
   A 
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3.9. STATISTICAL ANALYSIS. 1 
 
A stepwise multiple regression model (SAS system) was used to determine the best 
predictors of 800m, 1500, 3000m and 10 000m running performance times (minutes) 
respectively. The measured variables which included maximal oxygen consumption 
(VO2max), running velocity at VO2max (vVO2max), running economy (RE), onset of 
blood lactate accumulation (OBLA), maximal accumulated oxygen deficit (MAOD), 
isometric muscle force (Iso force) and maximal velocity of muscle shortening (V max), 
were entered into the stepwise programme. The stepwise multiple regression procedure 
operates by inclusion and elimination to determine the best variable/s to predict the 
dependent variable, which in this case are performance times. Statistical significance was 
set at p ≤ 0.05.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                        
1 The Statistics were done with the assistance of a qualified statistician, Dr Ben Eisenberg, PhD (Research 
and Development, Tshwane University of Technology) who took into consideration factors such as 
multiple comparisons and sample sizes. His field of expertise was considered beyond reproach by persons 
with a more limited statistical background. 
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CHAPTER 4                        RESULTS 
 
 
4.1. INTRODUCTION 
 
In this study two subjects were not able to complete the leg strength tests. In addition 
only 6 and 8 subjects participated in the 3000m and 10000m respectively. Table 2 gives 
the responses during maximal and sub-maximal exercise in the group of middle distance 
female runners. Table 3 shows middle distance performance times for the subjects.  
 
Table 2. Exercise dynamics in female runners (mean ± SD and sample size) 
 
Variable Mean ±SD 95% Confidence Interval n 
  Lower level Upper level  
VO2max (mlO2.kg-1.min-1)   52.27±  4.59 49.18 55.35 11 
v VO2max (km.h-1)              15.59 ± 1.51 14.57 16.60 11 
Running Economy        
 (mlO2.kg-1.km-1) 
185.50 ± 7.31 180.58 190.41 11 
MAOD (mlO2.kg-1)              31.64 ± 6.82       27.06 36.21 11 
OBLA (%VO2max)             86.85 ± 5.56       83.12 90.59 11 
Max Isometric Force (kg)    9.97  ± 1.32        8.96 10.99 9 
Velocity (V) max (rpm)       209.64 ± 10.09   201.88 217.39 9 
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Table 3. Performance times for middle distance female runners (mean ± SD and 
sample size)  
 
Distance (m)       Time (min)         n          World record           Current 2007 
       800                2.39 ± 0.17         11              1:53.28                      2:00.71 
     1500                4.92 ± 0.36         11              3:50.46                      4:05.25 
     3000              10.61 ± 0.49           6              8:08.11                      8:58.67 
   10 000             41.80 ± 2.98           8             29:31.78                   31:35.15 
 
The table above show the female performance times from the present study, the world 
records and the current (2007) world leading times (International Association of Athletics 
Federations, www.iaaf.org, 2007/04/09). 
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Table 4. Colinearity of the physiological variables measured in this study.  
 
Variable VO2 max vVO2max RE OBLA MAOD Iso force V max 
VO2max 1.0000 0.5069 0.5020 -0.2777 -0.0010 -.5998 0.3859 
vVO2max 0.5069  1.0000 0.5262 -0.6513 0.5758 -0.3430 0.7985 
RE 0.5020 0.5262 1.0000 -0.6927 -0.1930 -0.0024 0.5740 
OBLA -0.2777 -0.6513 -0.6927 1.0000 0.0318 0.2306 -0.6079 
MAOD -0.0010 0.5758 0-0.1930 0.0318 1.0000 0.0240 0.4245 
Iso Force -0.5998 -0.3430 -0.0024 0.2306 0.0240 1.0000 -0.3038 
V max 0.4959 0.7985 0.5740 -0.6079 0.4245 -0.3038 1.0000 
 
Table 4 represents the inter-correlations (associations) between the measured (predictor) 
variables. Variables which had a similar (colinear) influence on performance were:                                          
VO2max and vVO2max, r = 0.5069 
RE and OBLA, r = -0.6927 
 
 
 
4.2. PREDICTING 800M RUNNING TIME (N = 11). 
 
 
For 800m running time, the best variable to predict running performance was isometric force. The r2 
for Iso force and 800m performance was 0.5254, (p = 0.0271) demonstrating that Iso force 
explained 53% of  the variance for 800m running performance.  
 
Table 5. Results of stepwise multiple regression between the most appropriate  
physiological variables and 800m running performance. 
  Variable r2 p significant
Step 1 Iso force 0.5254 0.0271 * 
Step 2 MAOD 0.7004 0.0269 * 
 
* p < 0.05 
 
800m model 1 (Iso Force) 
                 Parameter Estimate                SE 
a (intercept)     3.37081                             0.36308 
b (slope)         -0.10057                             0.03613 
 
The 800m running time could be estimated from: 
Y = a + bx 
800m time = 3.371 – 0.101(Iso Force) 
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The next variable, which made a significant contribution to 800m running performance, 
was MAOD. The correlation coefficient for MAOD was -0.4356. When the Iso force and 
MAOD were entered to predict the 800m running time, r2 was 0.7004 (P =  0.0269). This 
demonstrated that 70% of the variance for 800m running time was explained  through the 
contribution of MAOD and Iso Force.  
 
800m model 2 (Iso Force and MAOD) 
                     Parameter Estimate                          SE 
a (intercept)              3.732167                           0.36637 
b1 (MAOD)      -0.1137                           0.00607 
b2 (Iso Force)    -0.09918                           0.03101 
 
The equation that could best predict the 800m running performance was: 
y = a + b1x1 + b2x2 
800m time = 3.732 – 0.114(MAOD) –0.099(Iso force) 
 
 
4.3. PREDICTING 1500M RUNNING TIME (N = 11). 
 
The variable that made the greatest contribution to 1500m running performance was 
MAOD. The r2 for the MAOD and 1500m running time was 0.3767, (p =  0.0787) 
demonstrating that MAOD contributed 38% to the prediction of 1500m running 
performance.   
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1500m model 1 (MAOD) 
                         Parameter Estimate                      SE 
a  (intercept)                     5.95669                       0.54682 
b  (slope)                   -0.03351                       0.01629 
 
The next most appropriate variable entered into the regression was the Iso force. When 
the Iso force and MAOD were entered to predict the 1500m running time, the r2 was 
0.6705 and statistical significance was at P = 0.0358. This demonstrated that 67% of the 
variance for 1500m running time could be explained from MAOD and Iso Force 
 
Table 6. Results of stepwise multiple regression between the most appropriate 
physiological variables and 1500m running performance. 
  Selected  r2 p significant
Step 1 MAOD 0.3736 0.0787  
Step 2 Iso Force 0.6705 0.0358 * 
 
* p < 0.05.  
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1500m model 2 (MAOD and Iso Force) 
Variable                Parameter estimate     SE 
a (intercept)                        7.44109  0.77215 
b1 (MAOD)                       -0.03280  0.01280 
b2 (Iso Force)                       -0.15118  0.06536 
 
This is shown in the following equation: 
y = a + b1x1 + b2x2 
1500m time = 7.441 – 0.033(MAOD) – 0.151(Iso Force) 
 
 
4.4. PREDICTING 3000M RUNNING TIME (n=6). 
 
From the variables that were measured, the best that could predict 3000m running 
performance was OBLA The correlation coefficient when relating OBLA and 3000m 
running time was 0.9731 (P = 0.0269). The r2 for the OBLA and 3000m running time was 
0.9469. This demonstrated that OBLA contributed 95% to the prediction of 3000m 
running performance.   
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3000m model 1 (OBLA) 
                         Parameter Estimate                       SE 
a  (intercept)                         -10.73867       3.55316 
b  (slope)              0.23775       0.03980 
 
The equation that can be used to predict the 3000m running performance  from OBLA is: 
y = a + bx 
3000m time = -10.739 + 0.238(OBLA) 
 
 
From stepwise regression the next variable entered which made a significant contribution, 
was the velocity at VO2max (vVO2max). When the OBLA and vVO2max were entered to 
predict the 3000m running time, the r2 was 0.9991 and statistical significance was at P = 
0.0296. This demonstrated that 99% of 3000m running time could be predicted from 
OBLA and vVO2max.  
 
Table 7. Results of stepwise multiple regression between the most appropriate 
physiological variables and 3000m running performance. 
  Variable r2 p significant
Step 1 OBLA 0.9469 0.0269 * 
Step 2 vVO2max 0.9991 0.0296 * 
 
* p < 0.05 
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3000m model 2 (OBLA and vVO2)   
                         Parameter estimate                    SE 
a  (intercept)                        -31.44287                 2.76307 
b1 (vVO2max)                        0.42726      0.05544 
b2 (MAOD)                            0.39332      0.02144 
 
The equation that could predict the 3000m distance running time for both variables was: 
y = a + b1x1 + b2x2 
3000m time = -31.443 + 0.427(vVO2max) + 0.393(OBLA) 
 
4.5. PREDICTING 10000M RUNNING TIME (n=8). 
The variable that could best predict the 10000m running performance was the vVO2max 
The correlation coefficient when relating vVO2max and 10000m running time was –
0.6829 (P = 0.1349). The r2 was 0.4663.  
 
 
 
10000m model 1 (vVO2 max)  
                         Parameter Estimate                      SE 
a  (intercept)                 82.36937      22.00153 
b  (slope)                             -2.58129       1.38127 
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The next variable entered in the equation was OBLA. The coefficient when correlating 
between OBLA and 10000m running time was –0.2970. When vVO2max and OBLA 
were both entered into the system the r2 was 0.8323 (P = 0.0687). However this 
relationship was just not statistically significant and has a greater than 5% probability that 
it occurred by chance. 
 
Table 8. Results of stepwise multiple regression between the most appropriate 
physiological variables and 10000m running performance. 
  Variable r2 p significant
Step 1 vVO2max 0.4663 0.1349  
Step 2 OBLA 0.8323 0.0687  
 
 
 
10000m model 2  (vVO2max and MAOD) 
                         Parameter Estimate                      SE 
a  (intercept)                      140.19750      26.71332 
b1 (vVO2max)                        -3.53154        0.96801 
b2 (MAOD)                        -0.49178        0.19220 
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CHAPTER 5.    DISCUSSION 
 
The aims of the study were to determine aerobic and anaerobic variables that are related 
to 800m, 1500m, 3000m and 10000m running performance in young female runners and 
it was hypothesized that:        
i)  anaerobic capacity and leg strength will be the principal determinants of 800m  
      and 1500m running performances  
ii)  aerobic capacity will be the principal determinants of 3000m and 10 000m                
running performances.  
 
 
Conley et al (1981) used 14 trained and competitive female runners. The performance 
time for 10000m from this study (43.7 minutes) was similar to that of the present study 
(41.8 minutes). In the study by Yoshida et al (1990) they reported:  2.30 minutes for 
800m, 4.79 minutes for the 1500m and 10.45 minutes for the 3000m running distances. 
These performances are all similar to the present study of 2.39 minutes (800m), 4.92 
minutes (1500m) and 10.61minutes (3000m). The performance times from this study are 
not comparable to the world records and the current (2007) world leading times. This 
illustrates that the female athletes from this study are not world class runners.  
 
MAOD has been used as a reliable measure of anaerobic capacity in runners (Medbo et 
al,1988). Ramsbottom et al (1994)  reported a significant correlation (r = -0.61) between 
MAOD and 800m running performance. However Olesen et al (1994) and  Craig and 
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Morgan (1998) related MAOD to 800m running performance and both studies observed 
that MAOD was not a significant  predictor of 800m running performance. In the present 
study MAOD and the maximal isometric force were significantly related to 800m running 
performance. These results suggest that muscle force, measured as the maximal isometric 
force and anaerobic capacity, measured as the MAOD, play a significant role during 
800m running in young female athletes. Eight hundred meter running performance 
demands more from isometric force and the anaerobic energy system (Scott et al, 1991) 
than longer events. This  is probably even more the case when 800m is run at an altitude 
of almost 2000m (Johannesburg, South Africa). 
 
The importance of muscle force and anaerobic energy is greatest in the shorter running 
distances (Spencer and Gastin, 2001). This could explain the contribution of the 
maximum isometric force and MAOD to 800m and 1500m running in the present study. 
The maximum isometric force and MAOD did not show any relationship with the other 
distances (3000m and 10000m).  
 
VO2max has been shown to be one of the best aerobic variables to predict longer distance 
running time (Evans et al, 1995). Evan’s et al (1995) found in their study that VO2max 
correlated significantly with 10km running performance in female athletes. Results from 
the present study indicate that VO2max did not show any significant contribution to the 
800m running event perhaps because of the reduced availability of aerobic energy at an 
altitude of 1800m compared to sea level. Similar responses were observed by Williams et 
al (1987). 
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Running economy is one of the aerobic variables that have been shown to correlate 
significantly with running performance particularly in samples of athletes who have 
homogenous VO2max levels (Morgan and Mitchell, 1992). The result from the study by 
Housh et al (1988) showed that RE was a valuable determinant of middle distance 
running performance. The present study does not support these previous findings. In this 
study RE does not correlate or contribute significantly to any of the running distances 
(800m, 1500m, 3000m and 10000m) in female middle distance athletes. The latter data 
support previous findings by Craig and Morgan (1998) who also found that RE does not 
correlate significantly with 800m running time. Similarly Evans et al (1995) found also 
that RE does not correlate with 10km running performance in female athletes. In the 
present study RE did not improve the level of correlation with stepwise regression for all 
four running performances. Our athletes had heterogenous VO2max levels which may 
have limited the influence of RE under the conditions of this study and contributed to the 
findings. 
 
Running velocity at VO2max (vVO2max) has shown to be a good predictor of 
performance during middle and long distance running (Morgan et al, 1989a, Cunningham 
1990). Cunningham (1990) found vVO2max related with 5km running performance. 
vVO2max incorporates both maximal aerobic power and RE (Morgan et al, 1989a). In 
their study Morgan et al, 1989a reported that vVO2max was closely related to the 10km 
event. The results from the present study show that vVO2max correlates with longer 
distances i.e. 3000m (r = -0.8388) and 10000m (r = -0.6829). These results are similar to 
those reported in previous studies indicating that vVO2max is a relatively sensitive index 
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of aerobic energy production and therefore is closely related to longer distance running 
events. Our results show no statistically significant relationship existed between 
vVO2max and the shorter running events (800m, r = 0.0035 and 1500m, r = 0.0327). In 
contrast Craig and Morgan (1998) reported that vVO2max correlated significantly (r = -
0.54) with 800m running performance.  
 
During 10000m running, vVO2max was the variable that contributed most (but not 
significantly) to the running time. Morgan et al (1989a) found that vVO2max correlated 
significantly with 10km running performance. Other studies which reported significant 
correlations with vVO2max included Billat and Koralsztein (1996) (21.1km), Noakes et 
al, (1990) and Scrimgeour et al, (1986) (21.1km and 42.2km). Although the correlation 
coefficient between VO2max and 10000m running time exceeded 0.55, the relationship 
was not statistically significant. The possibility cannot be excluded that the smaller 
sample size resulted in a type 2 statistical error. 
 
Previous studies have shown that blood lactate variables such as OBLA (%VO2 max at 
blood lactate concentration of 4mmo/l), %VO2 max at other fixed blood lactate levels 
(2mmol/l, 2.5mmol/l) and lactate threshold have been found to be good predictors of long 
distance running performance and fitness level in athletes (Duggan and Tebbutt, 1990; 
Weltman et al, 1990; Sjodin and Jacobs, 1985; Yoshida et al, 1981; Maffulli et al, 1991b; 
Fernhall et al, 1996; Tanaka and Matsuura, 1984a) 
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In the present study apart from vVO2max, OBLA was significantly correlated with 
3000m running time (r = -0.9731 P = 0.0269). For the 10000m, it was the second best 
variable to predict performance and together with vVO2max accounted for 83% of   
10000m running performance variance (P = 0.0687). The combined relationship was 
marginally not statistically significant probably because of the smaller sample size. This 
is similar to the study by Yoshida et al, 1993, where they reported that blood lactate 
variables vOBLA, VO2 at lactate threshold and running speed at lactate threshold account 
for 73.2% in 3000m running performance. 
 
Unlike this study, Yoshida et al (1981) reported a significant correlation between OBLA 
and 800m running time. Similar to this study Yoshida et al (1990) observed that OBLA 
was also significantly correlated to 3000m running performance. It could be concluded 
that OBLA is a significant predictor of longer distance running performance.  
 
This study has also demonstrated that blood lactate variables are good predictors of 
distance running performance. This confirms the findings of a variety of previous studies. 
The study by Sjodin and Jacobs (1991) confirmed that running speed at 4mmol/l 
(vOBLA) was closely related with distance running performance in marathon running. 
Weltman et al (1990) used 3200m running performance to predict running speed at fixed 
blood lactate concentrations (2mmol/l, 2.5mmol/l and 4mmol\l). They identified which 
blood lactate concentrations could be used best to predict 3200m running time and could 
also be used as training monitors.  
 
  67
Duggan and Tebutt (1990) reported that vOBLA is a good predictor of 4000m running 
performance. Evans et al (1995) found that lactate threshold was highly correlated with 
10km running performance. The study by Maldonado-Martin et al (2004) assessed 
physiological variables that could be used to compare running performances between 
males and females. They found out that lactate threshold correlated (r=0.59, p,0.05)with 
running performance (1500m) in male athletes and female athletes. Brandon and Boileau 
(1987) used 29 male well conditioned recreational runners to assess the contribution of 
aerobic and anaerobic (Wingate bicycle ergometer protocol) variables to 800m, 1500m 
and 10000m running performances. From their study they observed that the aerobic 
variable (VO2max), contributed to all the running distances and was far the best for the 
10000m distance. This is in contrast to our present study where VO2max did not show 
any major significant contribution even in the 10000m running distance. 
 
Housh et al (1988) reported on the contribution of physiological variables to middle 
distance running performance. They used 39 male novice runners, competitive runners 
and intercollegiate competitive middle distance runners. They used the stepwise 
regression analysis and found that VO2max, RE and ventilatory threshold provided the 
most effective prediction of 3.22km running performance. This is different from the 
present study where OBLA and vVO2max were the best variables to predict 3000m 
running performance. It may be that differences in altitude between the two studies 
account for this difference. 
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CONCLUSION 
 
At an altitude of 1800m the performance in the shorter middle distances like 800m and 
1500m are best predicted by measurements of leg strength (isometric force) and 
anaerobic capacity (maximal accumulated oxygen deficit).  Studies done closer to sea 
level have shown that performance in the shorter middle distance events is effectively 
predicted by measurements of aerobic capacity. Performance in the longer middle 
distance events at an altitude of 1800m are best predicted by measurements of aerobic 
capacity specifically OBLA and vVO2max. The study has identified the specific 
measurements that best predict performance in the different middle distance events for 
female athletes competing at an altitude of 1800m. 
 
The results from this study suggest that 800m and 1500m runners at an altitude of 1800m 
should concentrate on the development of leg strength (Isometric force) and anaerobic 
capacity (MAOD) in their training and longer distance runners should spend more of 
their training time on improving their aerobic capacity.  
 
The results from the present study are inconclusive when comparing the contribution of 
physiological variables during middle distance exercise performed by males and females. 
Available literature has demonstrated that very little information exists on specific female 
responses during middle distance running. One may expect differences in response 
between males and females based on differences in strength. It is concluded and 
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recommended that a study looking at gender differences in the contribution of these 
physiological variables and middle distance running performance be explored.  
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APENDIX A                LACTATE ASSAY 
 
Lactate Assay 
 
Assay without deproteinisation. 
 
Boehringer Mannheim, Germany. 
Cat. No. 256773 fro 3 x 100ml. 
 
Method 
 
Model from Noll, F. (1974). L-(+)-Lactate. Determination with LDH, GPT and NAD. 
Page 1475 ff.in H.U. Bergmeyer, ed. Methods of enzymatic analysis, 2nd edition 
(translated from 3rd German edition) Verlag Chemie Weinheim and Academic Press, Inc., 
New York and London. 4 volumes. 
 
Test principle 
        LDH 
L-lactate + NAD+   ↔   pyruvate + NADH + H+ 
 
                                      GPT 
Pyruvate + L-glutamate  ↔  L-alanine + α-oxoglutarate 
 
Sample material: plasma 
Reagents: 
1. NAD 
2. Enzyme suspension 
3. Ammonium sulfate 
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Procedure 
Spectrophotometer: 340nm 
Cuvette: 1cm light path 
Incubation temperature: 20-25oC 
 
Pipette into test tubes 
 Sample Blank (SB) Sample  
Reagent solution  
Plasma  
5.00ml 
0.05ml 
- 
- 
Mix well 
Pipette from sample blank  2.50ml 
Add: 
Suspension 2 
Solution 3 
- 
0.05ml 
0.05ml 
- 
Mix immediately and after 10-15 minutes read absorbance of sample blank (ASB) and 
sample (AS) in same cuvette in immediate succession.  
 
Calculation: 
 
[lactate] mmol/l = 16.3 x As – ASB 
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APPENDIX B Individual Physiological Variables Of The Subjects. 
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1 16.42 54.45 192 87.04 10.99 201.9 32.65 2.14 4.45 9.8 37.03
2 14.91 44.9 175 81.27   22.9 2.53 5.28 10.92 41.67
3 13.01 47 184 97.69   28.42 2.5 5.2 10.8 45 
4 16.95 53.85 184.5 87.43 10.05 221.2 45.03 2.13 4.47 10.2 38.96
5 15.13 50.6 195.5 83.57 12.26 213.36 25.89 2.25 4.97  46.01
6 13.83 55.35 179.2 91.28 10.06 192.17 27.02 2.5 5.13   
7 18.5 58.95 192.5 80.68 9 222.91 38.39 2.58 5.2   
8 14.83 46.07 173 91.89 11.16 199.48 37.96 2.27 4.3 11.05 42.88
9 15.74 53.2 185.6 83.22 8.15 210.13 24.66 2.58 5.35   
10 15.64 57.13 189 90.67 8.73 213.71 30.63 2.53 4.93 10.88 40.42
11 16.49 53.42 190.2 80.66 9.36 211.87 34.44 2.33 4.87  42.42
Mean 15.59 52.27 185.5 86.85 9.97 209.64 31.64 2.39 4.92 10.61 41.80
SD 1.51 4.59 7.31 5.56 1.32 10.09 6.82 0.17 0.36 0.49 2.98 
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